144 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 43, NO. 1, JANUARY 2005

Spatially Complete Global Spectral Surface Albedos:
Value-Added Datasets Derived From
Terra MODIS Land Products

Eric G. Moody, Michael D. King, Senior Member, IEEE, Steven Platnick, Crystal B. Schaaf, Member, IEEE, and
Feng Gao, Member, IEEE

Abstract—Recent production of land surface anisotropy, diffuse
bihemispherical (white-sky) albedo, and direct-beam directional
hemispherical (black-sky) albedo from observations acquired by
the Moderate Resolution Imaging Spectroradiometer (MODIS)
instruments aboard the National Aeronautics and Space Ad-
ministration’s Terra and Aqua satellite platforms have provided
researchers with unprecedented spatial, spectral, and temporal
information on the land surface’s radiative characteristics. Cloud
cover, which curtails retrievals, and the presence of ephemeral and
seasonal snow limit the snow-free data to approximately half the
global land surfaces on an annual equal-angle basis. This precludes
the MOD43B3 albedo products from being used in some remote
sensing and ground-based applications, climate models, and global
change research projects. An ecosystem-dependent temporal in-
terpolation technique is described that has been developed to fill
missing or seasonally snow-covered data in the official MOD43B3
albedo product. The method imposes pixel-level and local regional
ecosystem-dependent phenological behavior onto retrieved pixel
temporal data in such a way as to maintain pixel-level spatial and
spectral detail and integrity. The phenological curves are derived
from statistics based on the MODIS MOD12Q1 IGBP land cover
classification product geolocated with the MOD43B3 data. The
resulting snow-free value-added products provide the scientific
community with spatially and temporally complete global white-
and black-sky surface albedo maps and statistics. These products
are stored on 1-min and coarser resolution equal-angle grids and
are computed for the first seven MODIS wavelengths, ranging
from 0.47-2.1 pm and for three broadband wavelengths 0.3-0.7,
0.3-5.0, and 0.7-5.0 pm.

Index Terms—Ecosystem, modeling, Moderate Resolution
Imaging Spectroradiometer (MODIS), radiative transfer, remote
sensing, satellite applications, spectral surface albedo, Terra,
vegetation phenology.

I. INTRODUCTION

AND surface albedo is an important parameter in de-
scribing the radiative properties of the earth’s surface.
It represents the ratio of reflected radiation to incoming solar
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radiation at the earth’s surface and is important for the remote
sensing of atmospheric aerosol [16], [21], [24] and cloud [23],
[25], [34] properties from space, ground-based analysis of
aerosol optical properties from surface-based sun/sky radiome-
ters [12], [15], biophysically based land surface modeling of the
exchange of energy, water, momentum, and carbon for various
land use categories [5], [42], and surface energy balance studies
[11], [17], [49]. These projects require proper representation of
the surface albedo’s spatial and spectral variation, due in part
to the distribution of vegetated surface types and growing con-
ditions, and temporal variations, due largely to changes in the
amount of vegetation over phenological growth cycles [1]-[4],
(61, [71, [91, [101, [14], [24]-[26], [29], [301, [37], [41]-[46],
[50]. These representations are often lacking in datasets prior to
the latest generation of land surface albedo products [8], [27],
[33].

The launch of the Moderate Resolution Imaging Spectro-
radiometer (MODIS) onboard the National Aeronautics and
Space Administration’s (NASA) Terra and Aqua [22] and [31]
spacecraft in December 1999 and May 2002, respectively,
ushered in a wealth of new products with unprecedented spec-
tral, spatial, and temporal characteristics. Of particular interest
to the present study is the operational diffuse bihemispher-
ical (white-sky) and direct-beam directional hemispherical
(black-sky) land surface albedo dataset, known as MOD43B3
[38]. This product is a validated [18], [19], [28], [47] 16-day
aggregate global dataset at 1-km spatial resolution for the first
seven MODIS bands 0.47-2.1 pm and for three broadband
wavelengths 0.3-0.7, 0.3-5.0, and 0.7-5.0 pm. These albedo
measurements are intrinsic properties of the surface and can
be combined as a function of diffuse-sky light to obtain actual
albedo values (blue-sky) that are equivalent to those measured
by albedometers at the ground. These dataset characteristics
afford the necessary spatial, spectral, and temporal resolutions
to accurately provide radiative properties of the surface for in-
clusion in a variety of earth system research projects. However,
roughly half the global land surface on an annual equal-angle
basis is obscured due to persistent and transient cloud coverage
as well as ephemeral and seasonal snow effects. The direct
inclusion of the MOD43B3 product into either land surface
models or remote sensing applications is thereby hindered or
precluded because of these extensive spatial data gaps and the
desire of modelers to work with snow-free albedos.
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The goal of the present study is to provide researchers with
the requisite spatially complete global snow-free land surface
albedo datasets by filling in missing data from the official
MOD43B3 dataset with geophysically realistic values supplied
by an ecosystem-dependent temporal interpolation technique.
The technique is based upon the concept that within a limited
region, pixels of the same ecosystem classification should
exhibit roughly the same phenological, or temporal, behavior;
that is, the pixels should begin to green-up, reach full growth,
begin to senesce, and reach full dormancy at approximately the
same time and with the same amplitude [20], [32], [36], [39],
[40], [48], [51]. However, this similarity in the shape of the
ecosystem’s behavioral curve does not preclude pixel-to-pixel
differences in the relative magnitudes of the behavioral curves
due in part to spatial variations in growing conditions from
climate and soil differences. In order to maintain these spatial
pixel-level variations in a temporal sense, missing data are filled
in by imposing the shape of the pixel’s ecosystem classification
phenological curve onto the temporal data that does exist for
that pixel.

Generating these value-added products requires multiple
steps, including: 1) remapping the native MOD43B3 data
stored in sinusoidal (SIN) projection onto 1-min climate mod-
eling (equal-angle) grids (CMG); 2) applying the appropriate
quality assurance (QA) information to remove retrievals over
water and lesser quality and ephemeral snow data; 3) filling
missing data with the ecosystem-dependent temporal interpo-
lation technique (using the MODIS MOD12Q1 International
Geosphere-Biosphere Programme (IGBP) ecosystem classifi-
cation dataset [13]); and 4) storing both the original and filled
data as well as the original and fill-technique QA into new
hierarchical data format (HDF) files. For research projects that
require coarser resolution, statistical maps of the filled product
are also generated at reduced resolutions.

II. ECOSYSTEM-DEPENDENT TEMPORAL
INTERPOLATION TECHNIQUE

The primary design criterion for developing a technique for
filling missing data was to maintain the detail and integrity of
pixel-level information by using geophysically realistic statis-
tics based on data that was available local to that pixel. When
data from one wavelength are missing due to cloud or unaccept-
able due to snow effects, then data from the other wavelengths
are also unlikely to be available. Techniques based purely on
spatial averaging were also not considered, as there are large re-
gions (such as the tropics) that have such poor spatial coverage
that data that are simply too far from the pixel end up influ-
encing the replacement values. The only viable option is to use
temporal information.

There is a chance that a pixel has adequate temporal coverage
to be able to perform simple splines to fill missing temporal data
in a meaningful way. However, with this particular dataset, a ma-
jority of pixels do not have sufficient yearly temporal coverage
to properly represent the entire snow-free growth cycle or cy-
cles. Fortunately, it was more likely that statistics gathered from
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Fig. 1. Phenological behavioral curves for deciduous broadleaf forest in
Vermont, US, from July-December 2001, computed from (a) pixel-level data
and statistical regions and (b) the same data with offsets applied to adjust the
magnitudes to match pixel level detail.

pixels of the same ecosystem class within a limited region sur-
rounding the pixel would have the requisite temporal coverage.
Thereby, the MODIS IGBP ecosystem classification was used
as the inherent link to relate the regional phenological informa-
tion to the pixel-level information [13].

Within a small region, pixels of the same ecosystem class
should exhibit similar growth or phenological behavioral
curves [20], [32], [36], [39], [40], [48], [51], which describe
how the vegetation of an ecosystem changes temporally. Each
ecosystem class should enter successive phenological stages
(green-up, full maturity, senescence, and dormancy) at approx-
imately the same time, usually within the same 16-day period,
and with the same amplitude. Therefore, the shape of the
ecosystem’s pixel-level and regional behavioral curves should
be very similar. Pixel-to-pixel variations in growth conditions,
however, result in variations in magnitude of the behavioral
curves, as shown in Fig. 1(a).

Exploiting this inherent link, an ecosystem classification-
dependent temporal interpolation technique was developed that
utilizes pixel-level and regional ecosystem-dependent pheno-
logical behavioral curves and the high-quality temporal data
that are available for that pixel. First, the shapes of the pixel’s
and region’s ecosystem phenological curves are determined
using the extant temporal data points from both the pixel and
from statistics computed for a region using pixels with the
same ecosystem classification. Then, to ensure that both the
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Fig. 2. Global MOD43B3. White-sky albedo at 0.86 yzm, based on remapping onto a 1-min resolution grid and with seasonal snow and pixels of lesser quality
removed through application of quality assurance information, for 16-day periods of (a) January 1-16, (b) April 3—18, (c) July 12-27, and (d) September 30—October

14, 2002.

temporal behavior of an ecosystem class and the pixel-to-pixel
variations in magnitude are maintained, the shape and only
the shape of the curves are imposed onto the pixel’s valid
temporal data by computing an average offset between pixel
data and the behavioral curves, as shown in Fig. 1(b). The
pixel’s missing temporal data can then be filled in from the
pixel’s curve or from one of the regional curves, depending
on what curve is deemed to provide the best information.

This general technique, described in detail in Section III, has
to be modified in regions where valid retrievals are scarce or
unacceptable, such as in: 1) tropical regions that are affected
by persistent cloud systems from the Intertropical Convergence
Zone (ITCZ); 2) missing observations for extended seasons,
such as the monsoon seasons in India and Southeast Asia; or
3) regions where the dormant state is not observed due to a
combination of cloud and seasonal snow onset, mostly at high
latitudes.

III. METHODOLOGY FOR GENERATING SPATIALLY
COMPLETE ALBEDO PRODUCTS

The temporal interpolation technique described in Sec-
tion II is employed to generate snow-free spatially complete
albedo products, both white-sky and black-sky, at the first seven
MODIS wavelengths and for three broadband wavelengths. This

is accomplished by analyzing one year of global MOD43B3
data from Terra in order to take advantage of at least one full
growth cycle and phenological curve. Before this technique can
be applied, however, the MOD43B3 data must be conditioned
and the statistics by IGBP ecosystem class generated. Once the
data are ready to be filled in, global processing occurs for each
land pixel by determining the best processing path based on
the available temporal coverage. Each pixel can be filled in by
either a general method or through specialized algorithms that
handle seasonally or permanently snow-affected regions and
areas of persistent cloud cover. The following sections detail
the data conditioning, the statistical workup, the phenological
curve calculations, and the methodologies employed to apply
the temporal interpolation technique.

A. MODIS Albedo and Ecosystem Dataset Conditioning

The MOD43B3 16-day global albedo product is stored in a
SIN projection with a series of approximately 400 tiles (one
10° x 10° tile per file). To better conform with MODIS atmos-
phere global products and processing, and to ease integration
into modeling efforts, as well as facilitate analysis in the current
project, the raw data and QA are mosaiced onto a 1-min spatial
resolution equal-angle climate modeling grid (CMG), which is
~2 km in spatial resolution at the equator. This procedure is a
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Phenological behavioral curves for cropland in the upper midwestern US from July—December 2001, computed from (a) pixel-level data and statistical

regions and (b) the same data with offsets applied to adjust the magnitudes to match pixel level detail.

sampling process for which the CMG grid is defined and the data
and QA from the nearest geolocated pixel in the MOD43B3 tile
are copied to the CMG grid.

The data are also conditioned by applying the MOD43B3
general and band-specific QA to remove pixels of lower quality.
As detailed in the user guide and [38], pixels with less than
three observations over the 16-day period were replaced with
a fill-value as there were not enough observations to have con-
fidence in the retrieved albedo value. Pixels flagged as season-
ally snow-covered or over ephemeral waters were also replaced
with fill-values, as the current study intends to provide seasonal
snow-free land albedo products. In addition, a polar darkness
model, based on data and software freely available from the
U.S. Naval Observatory’s Astronomical Applications Depart-
ment (aa.usno.navy.mil), defined regions for which no replace-
ment values would be supplied due to low solar illumination.

Fig. 2 shows the resulting 0.86-,sm MODIS white-sky albedo
for four seasons, remapped and with quality assurance applied
as described above. Roughly half the global land surface, on a
yearly equal-angle basis, is obscured due to persistent and tran-
sient cloud cover as well as ephemeral or seasonal snow effects
that do not allow for sufficient observations of the underlying
surface. At a minimum, roughly a quarter of the land surface
is obscured during July and August, most notably due to cloud
cover from the ITCZ, whereas a maximum of about 60% to 65%
of the land surface is either obscured by cloud or covered by sea-
sonal snow during January and February.

In a similar manner, the MOD12Q1 static ecosystem clas-
sification product is reprojected onto a 1-min spatial resolu-
tion equal-angle CMG grid, but only for the IGBP classification
scheme and associated QA arrays. This remapped dataset is in-
strumental in generating statistics by ecosystem class and for
implementing the temporal interpolation technique. At present,
no QA is applied to the reprojected IGBP map, and only the pre-
dominant ecosystem classification is used for each pixel.

B. Required Statistics

As described in Section II, regional ecosystem-dependent
phenological curves play a critical role in the temporal interpo-

lation technique, and the size of the regions needed to provide
adequate temporal coverage varies globally due to the amount
of cloud and seasonal snow cover, as can be seen in Fig. 2.
In order to provide temporally adequate phenological curves
for all scenarios, a range of regional sizes surrounding a pixel
were considered, beginning with a 0.5° x 0.5° latitude—lon-
gitude regional size and ranging up to 10° x 10°,10° x 20°,
and 10° x 30° regional sizes. The latitudinal region size was
curtailed to 10° to reflect the dominant latitudinal seasonal de-
pendence in phenological growth cycles, while the longitudinal
size was less restrictive following the climate stratification.
Smaller box sizes should more closely reflect pixel-level trends,
and the methodology for selecting the phenological curve is
heavily biased toward using smaller box sizes.

Ideally, one would compute the simple statistics of the mean,
standard deviation, and number of points [35], for each regional
size centered around each pixel on the global map; however,
data volume make such calculations intractable for global pro-
cessing. Instead, CMG grids are defined based on the various
regional sizes, and the statistics, by IGBP ecosystem class, are
computed from the conditioned pixel-level data inside each re-
gion. In order to ensure only the highest quality data are used
for the statistical generation [38], an additional QA constraint
was imposed such that only pixel-level data with at least seven
observations per 16-day period are included in the statistical
calculations.

C. Temporal Curve Calculation

Over the course of a year, an ecosystem can exhibit one
or more complete phenological growth cycles. For example,
ecosystems at high latitudes typically exhibit one growth
cycle per year due to the limited amount of solar radiation.
Drought-dependent ecosystems in the tropics, however, often
exhibit two complete cycles resulting from the availability
of moisture, as the ITCZ migrates northward and southward
of the equator. As a result, in order to capture at least one
complete phenological growth cycle, the temporal interpola-
tion technique must be applied to a full year of data. It was
found, however, that in regions that have sufficient temporal
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Fig.4. Comparison of white-sky albedo at 0.86 y«m for the continental United States for the May 25-June 9, 2002 16-day time period, where (a) is the conditioned
MOD43B3 data, (b) the spatially complete data, and (c) the IGBP ecosystem classification map used during processing.

coverage, better representation can be achieved by using data
over half-year sections.

For the general methodology, ecosystem phenological be-
havior is represented over two half-year sections that span the
Northern Hemisphere winter to summer (including the 16-day
periods from days 1-177) or that span Northern Hemisphere
summer to winter (including the 16-day periods from days
193-353). The breaks in the half-year sections often occur
during the periods of phenological full growth or full decay for
temperature-dependent vegetation when albedo values should
be changing at the slowest rates. To ensure that an ecosystem’s
phenological behavior for both sections are continuous at day
193, the temporal behavioral curves are computed with the
additional two 16-day periods that overlap day 193. While this
is not as strict as a derivative check, the extra days generally in-
clude some of the beginning senescence or end of the green-up
periods, such that continuity is well represented.

Although several methods could be employed to prescribe an
ecosystem’s phenological behavior of the valid data over the
half-year section, such as logistic functions [51], in the interest
of computational time, a weighted least squares polynomial fit
[35] was employed. To better describe the available data and
reduce the inherent vacillations of polynomial fits, while main-
taining the ability to describe multiple growth cycles, the order
of the polynomial varied from first to third order. The order was
selected based upon the overall temporal coverage and if the

end points of the half-year sections had valid data. In addition,
for half-year sections for which the end points were missing, at-
tempts were made to reduce the oscillations in the tails of the
polynomial fits by fixing the end points of the section to the
nearest neighboring temporal point. Fits using regional statis-
tical data were also weighted by the standard deviation in order
to place an emphasis on temporal data with less variability or
more observations.

D. General Methodology

The majority of land pixels reside in areas where either the
pixel itself or some small region surrounding the pixel has ade-
quate temporal coverage from which the phenological curve of
the pixel’s ecosystem can be prescribed. The deciding factors
on whether to use the pure pixel or the regional information for
the same ecosystem lie in how much of the temporal curve con-
tains valid data and if the existing data adequately describe the
phenological stages.

Through a parameter study, it was determined that if 70% of
a pixel’s half-year sectional data are valid and are sufficiently
spread throughout the half-year section, a phenological curve
can be computed from pixel-level data, and therefore, missing
values can be computed directly from the pixel’s phenological
curve. If this criterion is not met, then phenological curves
for the pixel’s ecosystem class are computed for all statistical
region sizes and offsets applied to impose the shape of the
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TABLE I
WHITE-SKY ALBEDO PERCENT DECREASE BETWEEN FULL GROWTH AND FULL DECAY PHENOLOGICAL
STATES FOR SELECTED IGBP ECOSYSTEM CLASSIFICATIONS AND WAVELENGTHS AT LATITUDES
NORTHWARD OF 40°, FROM 2001 DATA

Western Hemisphere
Ecosystem

055um 0.86um 1.63pym  0.7-5.0  055um 0.86 pm 163 pm

Eastern Hemisphere
0.7-5.0

Evergreen 27% 36% 37%
Needle Forest
Deciduous
Needle Forest
Deciduous
Broadleaf
Forest

Mixed Forest
Closed
Shrubs

Open Shrubs
Woody Sa-
vanna
Savanna
Grassland
Wetland
Cropland
Barren

23% 50% 28%

27% 57% 15%

28%
27%

49%
34%

30%
26%

23%
22%

37%
42%

23%
19%

22%
21%
22%
20%
36%

43%
40%
46%
52%
39%

18%
19%
19%
15%
31%

41% 38% 46% 37% 45%

46% 30% 51% 34% 44%

47% 33% 56% 23% 49%

46%
41%

34%
31%

54%
44%

32%
27%

47%
40%

40%
40%

28%
29%

41%
47%

25%
26%

37%
42%

38%
35%
43%
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42%
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25%
31%
29%
30%
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Fig. 5. Phenological behavioral curves for mixed forest in northern Russia for

July—December 2001, computed from pixel-level data and statistical regions
with offsets applied to adjust the magnitudes to match pixel-level detail. For
this case, the full decay state is not observed for even the 10° x 10° region.
Therefore, the general methodology is modified by computing the full decay
state based on the full growth value.

curves onto the pixel’s valid data. The statistical curves are
evaluated to determine which curve has the best combination
of temporal coverage along with which one best represents the
pixel-level data, based on deviation from pixel-level data. A
bias is imposed toward selecting smaller regional sizes, which
should be more representative of pixel-level behavior, and
then the selected statistical curve is used to fill in the missing
data. In addition, a check ensures that the statistical curves
have decidedly better temporal coverage and phenological
representation; otherwise, pixel-level information is used to
perform the filling if the pixel’s temporal coverage is greater
than 50%. This general methodology was able to represent
single or multimodal phenological cycles.

For example, much of the continental United States is pro-
cessed with this general methodology, as there is adequate
pixel or local regional temporal coverage for the ecosystem
phenological curves to be discerned. Fig. 3 demonstrates the
general temporal interpolation technique applied to a pixel of

Midwest cropland. The pixel’s temporal coverage is only about
40%, but the local region’s ecosystem statistics can cover up
to 90%. Once the offset is applied and the statistical curves
compared, the decision methodology chose the 1° x 1° regional
statistical curve to fill in the missing pixel-level data points.
This general methodology was also applied to the deciduous
broadleaf forests of the northeastern U.S. (shown in Fig. 1).
However, in this case there was ~80% pixel temporal coverage
with adequate spacing, so the missing data were filled using the
pixel-level phenological curve. Fig. 4 compares the conditioned
MOD43B3 and spatially complete 0.858-m data for the end of
May in the continental United States, an area where most of the
pixels were processed using the general methodology. Notice
that the unique pixel-level information is well maintained, and
the local and regional growth cycles are at different stages of
development (especially for cropland in Iowa as compared to
other Midwestern states and along the Mississippi River basin).

1) Methodology for Seasonal Snow Cases: At high lati-
tudes, the end of the senescence stage and the full dormancy
stage are often obscured by cloud and covered by snow for
large regions, resulting in incomplete phenological curves for
both the pixel and even the largest of the regional statistics. As
one goal of the current study is to provide seasonal snow-free
albedo maps, the full decay state must be approximated in order
to properly represent the full phenological curve. As there is
typically only one growth cycle and the full maturation state
is usually observed in high latitudes, the full decay state can
be approximated as an ecosystem-dependent percentage of the
full maturation albedo value.

These ecosystem-dependent percentages can be obtained
from observations at moderately high latitudes that are affected
by seasonal snow cover, but whose full decay state is observed.
These percentages are computed for each ecosystem class
and wavelength over the Northern Hemisphere and separated
into eastern and western regions. The percentages can then be
applied to each pixel-level and regional statistical curves in
both the Southern and Northern Hemispheres to approximate
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Fig. 6. Comparison of white-sky albedo at 0.86 pm for Europe and western Asia for the December 3—18, 2002 16-day time period, where (a) is the conditioned
MOD43B3 data, (b) the spatially complete data, and (c) the IGBP ecosystem classification map used during processing.

TABLE 1I
REGIONS WHERE PERSISTENT CLOUD CASE METHODOLOGY IS APPLIED.
EACH STATISTICAL LATITUDE BELT CONSISTS OF DATA FROM A 15°
BELT CENTERED ON THE PROCESSED PIXEL’s LATITUDE

Region Latitude Longitude
South America 20°N -30°S 86°W - 35°W
Central Africa 20°N - 30°S 17.5°W - 48.25°E
India 36°N - 2°N 60.75°E — 91.25°E
Southeast Asia 38.75°N - 18.5°N 91.25°E - 123.5°E
Oceania 18.5°N - 19°S 91.25°E - 164°E

the full decay state. Table I contains sample percentages of the
decrease in white-sky albedo between the full growth and full
decay phenologies for a selection of ecosystem classifications
and wavelengths. These percentages are computed from valid
MOD43B3 data that have proper representation of both seasons
and are separately computed for the western and eastern hemi-
spheres. While the majority of ecosystems and wavelengths
have a positive percentage change, meaning that the vegetation

is more reflective than the underlying soil, there are some cases
where the soil is more reflective.

Implementation of the percentages for these seasonally snow-
affected regions involves a slight modification to the general
methodology. At latitudes higher than 40° or if any pixel’s
temporal point has been flagged as having seasonal snow,
the algorithm will determine if pixel and regional statistical
phenological curves have adequately described the full decay
state. As in these regions there is typically one phenological
cycle, this is accomplished by examining the winter days for
the full decay extrema. If so, then they are processed with the
general methodology; however, if the full decay is not seen in
the pixel or regional data, then the winter end point is computed
to be the ecosystem-dependent percentage of the maximum
albedo during the full maturation stage. In addition, the rules
for selecting the pixel or statistical curve for filling are modified
as follows to reflect the lack of full seasonal data. If a pixel has
over 40% coverage and an observed summertime maximum,
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Fig. 7. Comparison of white-sky albedo at 0.86 pm for the Indian Subcontinent for the June 10-26, 2002 16-day time period, where (a) is the conditioned
MODA43B3 data, (b) the spatially complete data, and (c) the IGBP ecosystem classification map used during processing.

pixel-level phenological curves are used, as they have adequate
or comparable coverage to the statistical curves. Otherwise,
statistical curves are examined, ruling out curves with no full
maturation coverage and selecting the curve with the best
combination of temporal coverage and fit of the pixel-level
data, biasing toward smaller regional sizes.

Fig. 5 shows an example for the Siberian mixed forest
ecosystem classification in which neither the pixel nor regional
statistics observe the full white-sky albedo decay, but instead
have the full decay approximated. In this case, the pixel-level
curve was selected, as it had similar temporal coverage as the
regional statistics. Fig. 6 compares the conditioned MOD43B3
and filled white-sky albedo at 0.858 pm for the beginning

of December for Europe and western Asia. Notice that even
though this region is in full decay with very little snow-free and
cloud-free observations, the pixel-level detail is maintained due
to use of pixel-level magnitude together with ecosystem-de-
pendent full decay percentages.

2) Methodology  for Snow  and
Cases: Permanent snow and ice cases deviate signifi-
cantly from the general methodology because of poor temporal
coverage of the melt season, especially in high latitudes.
Instead of computing and applying phenological curves on a
half-year basis, the entire year of data is utilized in one of two
ways. If the pixel has at least one valid temporal data point
during the year, a mean is computed for each wavelength from

Permanent Ice
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Fig. 8. Comparison of white-sky albedo at 0.86 pm for central and southern Africa, for the December 3—18, 2002 16-day time period, where (a) is the conditioned
MOD43B3 data, (b) is the spatially complete data, and (c) is the IGBP ecosystem classification map used during processing.
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Fig. 9. 2002 Yearly trends for a selection of IGBP ecosystem classifications
in the Amazon basin. The statistics are computed from the MOD43B3 data set
using the South American latitude belt centered around 10° south latitude.

the pixel’s valid temporal data, and the corresponding means
are substituted for each of the missing days. If the pixel does
not have any valid days for the year, wavelength-dependent
statistical means are substituted for every day. The statistics

are generated from central Greenland, which has the largest
tract of contiguous permanent snow ecosystem classification.
Admittedly, this method does not capture the temporal nature
of the permanent snow ecosystem class and will be an area for
future consideration.

3) Methodology for Persistent Cloud Cases: Equatorial re-
gions with large amounts of water vapor and regions affected
by monsoon seasons, such as India and Southeast Asia, ex-
perience periods of cloud cover that preclude observations
for single or multiple seasons or sometimes nearly the entire
year. For these situations, the phenological behavior is either
incomplete or consists of statistically small samples, even over
the largest regional sizes considered in the general method-
ology. Computing statistics over latitudinal belts that cover
continental or Subcontinental regions can, however, provide
adequate phenological behavior with a sufficient sample size
(as will be demonstrated). For these areas, data tend to be
scarce during green-up and peak growth stages due to cloud
cover and rainfall, necessitating the generation of phenological
curves from an entire year of data instead of half-year periods.
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Fig. 10. Spatially complete white-sky albedo at 0.86 y«m after the temporal interpolation technique was applied for the 16-day periods of (a) January 1-16,

(b) April 3-18, (c) July 12-27, and (d) September 30—October 14, 2002.
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Fig. 11.  Spatially complete white-sky albedo as a function of wavelength for a

region encompassing London, U.K., and Paris, France, for a selection of IGBP
ecosystem classifications and for the 16-day period from June 26 to July 11,
2001.

These alterations to the general methodology provide statistics
that can describe single or multimodal phenological cycles.

There are five distinct regions, summarized in Table II, that
require a modified processing methodology, including parts of
South America, Central Africa, the Indian Subcontinent, South-
east Asia, and Oceania plus northern Australia. Over these re-

gions, a single phenological behavioral curve is obtained for
each ecosystem type, derived from statistics computed over a
latitudinal belt covering a fixed longitudinal area and a fixed
number of degrees of latitudes north and south of the latitude of
the pixel being processed, as shown in Table II. The shape of the
latitude belt’s ecosystem-dependent phenological curve is then
imposed on the pixel’s valid temporal data in order to fill the
pixel’s missing temporal data.

Figs. 7 and 8 demonstrate this technique used to fill missing
data on the Indian Subcontinent and Africa, respectively. Al-
though the majority of the Indian Subcontinent is obscured by
monsoon clouds, the pixel-level detail of the green-up stage
in June appears throughout the Subcontinent, including the
more pronounced green-up in the Ganges Valley below the
Himalayan plateau where the concentration of water vapor is
the greatest. In Africa, the ITCZ has migrated toward southern
Africa, leaving central Africa in the senescence stage. Fig. 9
shows the yearly temporal trends of vegetated surfaces in the
Amazon basin, computed from MOD43B3 data using the South
American latitude belt centered around 10° south.

4) Pixels With No Temporal Coverage: There are some
cases in which a pixel does not have any temporal albedo
coverage whatsoever; however, the ecosystem class is always
known, as the MOD12Q1 Land Cover product fills from
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TABLE III
MODIS 0.86-p#m BAND YEARLY GLOBAL AVERAGE ERROR STATISTICS FOR A SELECTION OF IGBP ECOSYSTEM
CLASSIFICATIONS. STATISTICS INCLUDE THE AVERAGE MOD43B3 ALBEDO VALUE & THE AVERAGE OF THE
ABSOLUTE AND RELATIVE VALUES OF THE SET OF RESIDUALS 7(abs) AND 7(rel), RESPECTIVELY, AS WELL
AS BIAS, 3, AND STANDARD DEVIATION, o, FOR RESIDUALS (RES) AND RELATIVE RESIDUALS (REL).
THE RELATIVE VALUES ARE COMPUTED ON A PIXEL-LEVEL BASIS INSTEAD
OF FROM YEARLY GLOBAL AVERAGE QUANTITIES
Ecosystem o 7 (abs) F(re)%  P(res) o(res)  PB(rer)%  O(reL) %
Evergreen 0.219 0.0116 5.20 -0.00323 0.0217 -0.703 7.06
Needle Forest
Evergreen 0276  0.0123 466 000091  0.0215 0.659 6.81
Broadleaf Forest
Deciduous Needle  0.215  0.0180 835  -0.00455  0.0311 -0.509 10.95
Forest
Deciduous 0274  0.0215 721 000841  0.0356  -2.013 7.43
Broadleaf Forest
Mixed Forest 0246  0.0169 6.60  -0.00417  0.0302  -0.544 8.43
Closed Shrubs 0243  0.0138 580  0.00008  0.0250 0.245 8.05
Open Shrubs 0265  0.0092 3.66 000137  0.0164 0.664 5.42
Woody Savanna 0239 0.0115 479 -0.00135  0.0209  -0.304 631
Savanna 0276  0.0132 486 -0.00089  0.0237  -0.122 6.63
Grassland 0273  0.0125 469 000084  0.0226 0.565 6.82
Wetland 0225  0.0146 635  -0.00335  0.0274  -0.698 7.9
Cropland 0290  0.0204 712 -0.00002 00352  -0.617 9.74
Cropland Mosaic 0.296 0.0179 6.02 -0.00171 0.0313 -0.168 7.89
Urban 0.262  0.0134 477 -0.00243  0.0244  -0.388 5.87
Barren 0412 0.0094 2.64 000107 0.0167 0.459 4.14
050 [T T T 1 surrounding the pixel are substituted as pixel-level informa-
——— Day1 . . . . .
o e Dayas 1 tiON before applying the temporal interpolation technique. A
[ SRR 1 . . .
040~ g T~ o Pay6s 4 selected region must have at least three valid days in order
I _ =~ -~ Day 97 1 . . .
I m——— o . Day129 to assure that the selected region has a significant number of
i1 N ) . .
030 - j1 R ENANRNN P17 1  observations. If no regions up to 10° x 30° have at least three
-: > . . . .
3 - 1 valid days, the requirement is successively reduced to one day.
< 1 . . . .
2wl 1 Regions that are processed with this methodology for persistent
§ 1 cloud cases use data from the entire year instead of the half-year
1 periods.
0.10 [~ -
i IV. PRODUCT SUMMARY
Y S
() Applying the temporal interpolation technique to each pixel
050 ———————————————————————————— of the white-sky and black-sky albedo datasets and for each of
the seven specific and three broadband wavelengths results in a
oaol 1 spatially complete snow-free global land surface albedo dataset
1 with fine spatial, spectral, and temporal characteristics. Com-
__________ o paring Fig. 10 to 2, one can clearly see the results of the fill
o300~ /T -0 . .
g methodology on a global basis for four seasons of white-sky
< albedo at 0.86 pm.
§ oo The fill methodology maintains not only the temporal in-
= tegrity of the dataset, but also the spectral integrity. Fig. 11
010l shows the white-sky albedo as a function of wavelength for
a region encompassing London, U.K., and Paris, France, and
ool L o4y for selected ecosystem classifications within the region. Note

Wavelength(um)
(®)

Fig. 12. White-sky albedo as a function of wavelength for a region
encompassing London, U.K., and Paris, France, for (a) cropland and (b) urban
ecosystems, computed from the spatially complete dataset for 16-day periods
from January—July 2001.

historical information if there are no MODIS observations in a
specific year. To approximate pixel-level information, statistics
of the same ecosystem class from the smallest possible region

that although this figure is derived from the spatially complete
dataset, it is indistinguishable from the MOD43B3 dataset for
the large number of pixels of each ecosystem within this region
(not shown). This figure also demonstrates the unique nature
of each ecosystem’s spectral signature at a fixed time, in this
case June 26-July 11, 2001. These spectral signatures vary as a
function of time, and the distribution shown in this figure may
not be so pronounced at other times of the year. For example
in a single spatial region, a highly vegetated surface (cropland)
and a lesser vegetated surface (urban) exhibit unique temporal
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signatures as well, as can be seen in Fig. 12(a) and (b), respec-
tively. The full growth season of the cropland, represented by
the period beginning on day 177 (June 26-July 11), exhibits
much larger white-sky albedos in the vegetative bands (around
0.86 pm) than urban ecosystems (which reflect much less solar
radiation than croplands that have large canopies).

It is difficult to provide an estimate of error for the temporal
interpolation technique, as the validated MOD43B3 data and the
instruments used to validate the data both suffer from the same
issues. Namely, when it is cloudy, reliable retrievals cannot be
made. As the majority of data replaced by the temporal interpo-
lation technique are due to cloud cover, the validation database
cannot be directly utilized. However, as an estimate of the tech-
nique’s error for cloud-covered cases, cloud cover can be simu-
lated for validated MOD43B3 pixels that have nearly complete
temporal coverage. With such an approach, pixel-level errors
(residuals) can be defined as the difference between the orig-
inal validated MOD43B3 values and the simulated cloud cover
values filled with the temporal interpolation technique. Specif-
ically, the average of the absolute value of the set of residuals
will provide the mean individual pixel-level error, while a com-
putation of the residual bias and standard deviation will provide
information on the distribution of errors.

Cloud cover was simulated for pixels with more than 70%
temporal coverage (about 15% of the globe) by setting all
but 25% of the days to fill value. The temporal interpolation
technique was then applied for the 0.86-xm band global albedo
map. This band was selected, since it shows the largest variation
in albedo values from winter to summer, and thus, is most likely
to have the largest errors. The global yearly MOD43B3 average
albedo for these selected pixels was 0.324, with an average
absolute residual of +0.011 (£3.86% relative) between the
simulated cloud-cover-filled values and the MOD43B3 values.
For these selected pixels, the interpolation technique has a
global yearly residual bias of 0.0007 (0.046% relative) with a
standard deviation of +0.0206 (+5.87% relative). As is seen
from the residuals, biases and standard deviations, computed
by ecosystem classification, presented in Table III, the ability
to describe phenological trends is impacted by the nature
of nonvegetated, anthropogenic, and vegetated ecosystems.
Ecosystems with less vegetation, such as barren and open
shrublands, have closer representation (lower residuals, biases,
and standard deviations) than ecosystems with more dramatic
natural or human-induced changes. This is especially evident
when comparing evergreen to deciduous forests, and croplands
to savannahs, grasslands, and wetlands.

To reduce the data volume of the 1-min resolution spatially
complete albedo products in an attempt to enhance access and
use of these products, the data have been stored in HDF files
formatted in such a way that a user need only download and
store the information that they require. Each 16-day period’s
data are stored in 20 separate HDF files, one per wavelength
and one per white- or black-sky albedo. The QA data for each
16-day period are also stored in separate HDF files, one file
for general MOD43B3 QA, seven band-specific MOD43B3
QA files, and ten band-specific value-added processing QA
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TABLE IV
HDF FILE SI1ZES FOR THE SPATIALLY-FILLED ALBEDO PRODUCT, STORED ON
1-min SPATIAL RESOLUTION CLIMATE MODELING GRIDS. AS WHITE-SKY AND
BLACK-SKY DATA ARE STORED IN IDENTICAL FORMATS, THE TABLE
LiSsTS ONLY WHITE-SKY INFORMATION

File

Dataset . L
Characteristic

Spatially-Complete Albedo Dataset

Files per 16-day period (1 per wavelength) 10
16-day periods per year 23
Total annual number of files 230
Annual number of files per wavelength 23
Data volume per file 445 MB
Total 16-day data volume (all 10 wavelengths) 435GB
Total annual data volume 100 GB
Total annual data volume for one wavelength 10 GB
MOD43B3 General QA Dataset (applied to all wavelengths)
Files per 16-day period 1
Total annual number of files 23
Data volume per file 446 MB
Total annual data volume 10GB
MOD43B3 Band-Specific QA Dataset (not applied to broadband data)
Files per 16-day period (1 per wavelength) 7
Total annual number of files 161
Annual number of files per wavelength 23
Data volume per file 223 MB
Total 16-day data volume (7 specific wavelengths) 1.5GB
Total annual data volume 35GB
Total annual data volume for one wavelength 5GB
Spatially-Complete QA Dataset
Files per 16-day period (1 per wavelength) 10
Total annual number of files 230
Annual number of files per wavelength 23
Data volume per file: 446 MB
Total 16-day data volume (7 specific wavelengths): 435GB
Total annual data volume: 100 GB
Total annual data volume for one wavelength: 10 GB

files. Table IV highlights the file sizes of the spatially complete
albedo maps.

The value-added albedo processing QA provides details
about the pixel-level data that was replaced, about the method-
ology used for replacing data, and describes the temporal
availability of the method used to replace data. A user can
determine their level of confidence in the fill methodologies by
examining different processing QA flags.

For users that require coarser resolution, the 1-min resolution
(land-only) products have been aggregated onto climate mod-
eling grids of varying sizes, from 0.5° x 0.5°, up to 10° x 10°.
Simple statistics, consisting of the mean, standard deviation, and
number of data points have been computed for each ecosystem
class or as a whole, over each grid cell. However, QA informa-
tion is not stored. Each resolution’s statistics are stored in HDF
files formatted to store each 16-day period’s data in four sepa-
rate HDF files, one per white-sky or black-sky albedo for both
statistics by ecosystem class or as a whole. Table V highlights
file sizes of these statistical reduced-size products.

Information pertaining to the production, maintenance, image
gallery, data availability, and download of these value-added
products are available as part of the MODIS Atmosphere Sci-
ence Team website, modis-atmos.gsfc.nasa.gov, with the data
and images available for public download via an anonymous
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TABLE V
HDF FILE SIZES FOR STATISTICS COMPUTED FROM THE SPATIALLY-FILLED
ALBEDO PRODUCT. A SINGLE HDF FILE CONTAINS STATISTICS, BY GRID CELL
OR BY ECOSYSTEM CLASS IN A GRID CELL, AT A DEFINED RESOLUTION FOR
ALL WAVELENGTHS OVER A SINGLE 16-DAY PERIOD. AS WHITE-SKY AND
BLACK-SKY DATA ARE STORED IN IDENTICAL FORMATS, THE TABLE LISTS
ONLY WHITE-SKY INFORMATION. THERE ARE 23 16-DAY PERIODS PER YEAR

By Grid Cell By Ecosystem Class in Grid
Grid Size 16-day File Yearly Data 16-day File Yearly Data
Size Volume Size Volume
0.5°x 0.5° 40 MB 920 MB 712 MB 16 GB
1°x1° 9.9 MB 227.7 MB 178 MB 4GB
2°x2° 2.5 MB 57.5 MB 45 MB 1GB
3°x3° 1.1 MB 25.3 MB 20 MB 460 MB
4° x 4° 653 KB 14.6 MB 11 MB 253 MB
59 x 5° 425 KB 9.5 MB 7.1 MB 163.3 MB
10° x 10° 120 KB 2.7 MB 1.8 MB 41.4 MB

ftp site, ftp://modis-atmos.gsfc.nasa.gov. Current production of
spatially complete albedo maps and statistics consists of 2001
and 2002 datasets.

V. CONCLUSION

Snow-free land surface albedo is an important parameter
in various radiative transfer research and modeling initiatives.
Recent observations of white-sky and black-sky land surface
albedo from MODIS instruments aboard NASA’s Terra and
Aqua satellite platforms have provided researchers with un-
precedented spatial, spectral, and temporal characteristics.
Cloud cover curtails retrievals and the presence of ephemeral
seasonal snow limits the snow-free albedo data to approxi-
mately half the global land surface on an annual equal-angle
basis. This precludes the routine use of MOD43B3 albedo
products in many earth science regional and global scale re-
search and modeling projects.

In this paper, we describe a temporal interpolation technique
that has been developed to fill missing data in the official
MOD43B3 albedo product. The technique imposes pixel-level
and local regional ecosystem-dependent phenological behavior
onto retrieved pixel data in a way that maintains pixel-level spa-
tial and spectral detail and integrity. The resulting value-added
products provide researchers with spatially complete global
white-sky and black-sky surface albedo maps and statistics,
stored on 1-min and coarser resolution climate modeling
equal-angle grids, for the first seven MODIS wavelengths,
ranging from 0.47-2.1 pm, and for three broadband wave-
lengths, 0.3-0.7, 0.3-5.0, and 0.7-5.0 pm. The value-added
products maintain the original MOD43B3 retrievals and quality
assurance information, as well as provide the statistically filled
values and processing quality assurance information. This
product is invaluable for validating climate model outputs and
projections and would be equally needed for offline driven
bio-physically based land surface models that require albedo as
a lateral and initial boundary condition. It is also expected to
foster earth science research with global focus.
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